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A wealth of physical interaction data between tran-
scription factors (TFs) and DNA has been generated,
but these interactions often do not have apparent
regulatory consequences. Therefore, equating phys-
ical interaction data with gene regulatory networks
(GRNs) is problematic. Here, we comprehensively
assay TF activity, rather than binding, to construct
a network of gene regulatory interactions in the
C.elegans intestine.Bymanually observing the invivo
tissue-specific knockdown of 921 TFs on a panel of
fluorescent transcriptional reporters, we identified a
GRN of 411 interactions between 19 promoters and
177 TFs. This GRN shows only a modest overlap
with physical interactions, indicating that many regu-
latory interactions are indirect. We applied nested
effects modeling to uncover the information flow be-
tween TFs in the intestine that converges on a small
set of physical TF-promoter interactions. We found
numerous cell non-autonomous regulatory interac-
tions, illustrating tissue-to-tissue communication.
Our study illuminates the complexity of gene regula-
tion in the context of a living animal.
INTRODUCTION
The correct expression of genes in space and time plays a critical
role not only during development but also in maintaining homeo-
stasis and adapting to changing environmental or dietary condi-
tions. The regulation of gene expression is accomplished, at a first
level, by transcription factors (TFs) that physically bind regulatory
sequencesupstreamwithin thepromoterof their targetgenesorat
distal sites in enhancers. It is widely believed that the regulation
of most metazoan genes occurs through the combined action of
multiple TFs that work coordinately in complex gene regulatory
networks (GRNs) to deliver proper gene expression programs.152 Cell Systems 1, 152–162, August 26, 2015 ª2015 Elsevier Inc.The last decade has seen the generation of genome-scale
data of physical interactions between TFs and regulatory DNA
elements in a number of model organisms as well as in human
cells. For instance, chromatin immunoprecipitation (ChIP) has
been used extensively to obtain genome-wide interaction data
for individual TFs in human cultured cells, yeast, flies, andworms
(Araya et al., 2014; Bernstein et al., 2012; Harbison et al., 2004;
Sandmann et al., 2006; Tabuchi et al., 2011; Whittle et al.,
2009). Other methods that have been used for the large-
scale mapping of physical TF-DNA interactions include high-
throughput yeast one-hybrid (Y1H) assays that identify the
repertoire of TFs that can interact with individual regulatory ele-
ments of interest in a single experiment (Deplancke et al., 2006;
Fuxman Bass et al., 2015; Gaudinier et al., 2011; Hens et al.,
2011; Reece-Hoyes et al., 2013). Several studies suggest that
many physical TF-DNA interactions lack an apparent regulatory
consequence on gene expression (Hu et al., 2007; Jakobsen
et al., 2007; Kemmeren et al., 2014; Sandmann et al., 2006;
Vokes et al., 2008). Therefore, equating TF binding with gene
regulation, as has been done in numerous studies, is question-
able, and it is critical that changes in gene expression resulting
from loss of TF activity need to be identified and integrated
with physical interaction networks (Walhout, 2011).
Large-scale efforts to generate TF activity-driven regulatory
networks in complex organisms lag behind the identification of
physical TF-DNA interactions. Available regulatory interaction
studies in yeast (Kemmeren et al., 2014) and in multicellular or-
ganisms such as the nematode C. elegans (Gracida and Eck-
mann, 2013; Kouns et al., 2011; Murphy et al., 2003; Quach
et al., 2013) are TF-centered because they focus on gene
expression changes elicited by the perturbation of individual
TFs. However, because a major goal in systems biology is to un-
derstand the regulation of each gene in a genome of interest, it is
remarkable that large-scale gene-centered studies that deter-
mine the repertoire of regulatory interactions for individual genes
are not yet available.
We reasoned that using promoter reporters for multiple co-
expressed genes together with TF RNAi in a single tissue in living
animals may provide a first step toward the delineation of a
GRN that is based on TF activity rather than binding and that
Figure 1. Study Design
(A) 19 genes were selected for interaction mapping. The corresponding pro-
moterswere used to identify both regulatory andphysical interactions. Physical
interactions were curated from modENCODE data and obtained by eY1H
screening. Regulatory interactions were obtained using fluorescent transcrip-
tional reporters and knockdown of individual TFs by RNAi, followed by exam-
ination of the changes in fluorescent reporter protein levels in the intestine.
(B) Outline of the RNAi screen. Each screen was performed in triplicate. In-
teractions that were recovered in at least two of three screens were retested
with a larger number of animals.
See also Figure S1.is, therefore, truly regulatory in nature.We selectedC. elegans as
a model system because it is a multicellular organism amenable
to large-scale RNAi screening for phenotypic characterizations
(Kamath et al., 2003) and for detection of tissue-specific changes
in reporter gene expression in living animals (Watson et al.,
2013). We focused on the C. elegans intestine, a highly dynamic
organ that serves not only to digest food but also to fine-tune
metabolic processes and respond to pathogenic insults. In addi-
tion, the intestine provides a technical advantage because it is
robustly sensitive to RNAi and easy to see by light microscopy,
enabling visual screening.
Using 19 intestinal gene promoters, we delineate an in vivo
TF activity-based GRN comprising 411 interactions involving
177 TFs, indicating pervasive transcriptional regulation in the
C. elegans intestine (Figures 1A and 1B). Interactions discovered
by RNAi screening can be direct or indirect. We identify interac-
tions that are likely to be direct by comparing the regulatory inter-
actions detected by RNAi with physical interaction data for the
same promoters. In agreement with prior studies in other organ-isms (Hu et al., 2007; Jakobsen et al., 2007; Kemmeren et al.,
2014; Sandmann et al., 2006; Vokes et al., 2008), we found
limited overlap between regulatory and physical TF interac-
tions for the same promoters, suggesting that many regulatory
interactions are indirect. Cellular proteins often function in the
context of complex signaling pathways, and perturbation of
genes that function within a pathway will result in similar regula-
tory effects on downstream genes. Indirect regulatory effects
may therefore arise when TFs that regulate the expression of
genes within a signaling pathway are perturbed. We applied
nested effects modeling to the GRN to generate a hierarchical
TF model that illuminates (indirect) information flow. We vali-
dated and refined this model by identifying cell-autonomous
and non-autonomous effects as well as several feedforward
loops (FFLs). Together, our findings indicate that regulatory net-
works may be wired via a complex hierarchy involving TFs and
other types of regulators to maintain intestinal homeostasis.
RESULTS AND DISCUSSION
A Tissue-Specific, Gene-Centered GRN Derived from
Living Animals
We first generated a near-complete RNAi library of 921
C. elegans TFs that contains 891 of the 934 predicted TFs
(95%) (Reece-Hoyes et al., 2005) as well as 30 unconventional
DNA binding proteins (uDBPs) (Table S1). As a starting point
for in vivo GRN mapping, we selected 19 transgenic C. elegans
strains in which GFP is expressed in the intestine. These strains
were selected because they express sufficiently high levels of
GFP to enable visual screening by light microscopy. Overall,
the set of transgenes represents different aspects of intestinal
biology, including responses to diet, oxidative stress, and the
unfolded protein response and include promoters of both pro-
tein-coding and microRNA genes. Although all strains express
GFP (or wCherry) in the gut, most also exhibit GFP expression
in other tissues (Figure S1).
We decided to perform a visual qualitative screen in which
we assessed changes in fluorescent protein levels upon TF
perturbation at the L4/young adult stage of development. We
performed a qualitative screen because we aimed to delineate
interactions in a single tissue in living animals. There are no
methods available to quantify GFP levels in only one tissue
when the fluorescent protein is also expressed in other tissues.
Because the reporters used express GFP in multiple tissues,
GFP quantification in whole animals would be misleading. For
instance, if GFP goes down 50% in the gut but is also expressed
in another tissue where it does not change, then whole-animal
quantification would be meaningless. Finally, because RNAi
may not result in complete knockdown, it would be challenging
to interpret quantitative data.
To ensure high-quality GRN data, we performed the screens
blindly, three times independently. Interactions detected at least
twice were retested on larger plates with a greater number of
animals. To ensure a low rate of false positives, only interactions
that were confirmed during retesting were kept in the final data-
set (Figure 1B).
We combined all regulatory interactions into a first-level, TF
activity-driven GRN comprising 411 interactions between 19
gene promoters and 177 TFs (Figure 2A; Table S2). MostCell Systems 1, 152–162, August 26, 2015 ª2015 Elsevier Inc. 153
Figure 2. A TF Activity-Based C. elegans GRN
(A) GRN depicting regulatory interactions identified by TF RNAi. Triangles indicate the 19 target promoters. Circles indicate the TFs regulating these promoters in
the intestine. k indicates the out-degree or the number of promoters regulated by each TF in the intestine. Blue edges indicate activating interactions (intestinal
GFP down upon TF RNAi), and orange edges indicate repressive interactions (intestinal GFP up upon TF RNAi). TFs regulating a single target gene (bottom) are
not labeled.
(B) Validation of regulatory interactions. Changes in GFP expression in Pacdh-1::GFP and Pacdh-2::GFP animals following knockdown of a family of closely
related NHRs was validated by crossing nhr-68, nhr-101, or nhr-114 deletion mutations into Pacdh-1::GFP or Pacdh-2::GFP strains. Based on the RNAi screen,
we expected loss-of-functionmutations in each of the three TFs to decrease GFP expression driven byPacdh-1 and increase expression driven byPacdh-2 in the
intestine. Scale bar, 100 mm.(87%) interactions are activating (GFP down after RNAi), sug-
gesting that transcriptional activation is more prominent in the
C. elegans intestine than repression or that activation may
be more readily identified by our visual screening method. The154 Cell Systems 1, 152–162, August 26, 2015 ª2015 Elsevier Inc.number of regulatory interactions observed per promoter ranges
from 10–55, and the median is 18 TFs. Therefore, all promoters
receive regulatory input through the activity of multiple TFs,
either directly or indirectly.
Figure 3. Identifying Cell-Autonomous Regulatory Interactions
(A) Matrix indicating the effects of whole-animal (top) and intestine-specific knockdown (bottom) on GFP expression in Pacdh-1::GFP transgenic animals. The
reported expression of TFs knocked down is indicated below the matrix. ‘‘Not reported’’ indicates that TF expression was not reported in large-scale, intestine-
specific expression profiling and that a transcriptional reporter for TF expression has not been described.
(B) GFP expression in Pacdh-1::GFP animals following knockdown of the indicated TFs (vector indicates negative control) either in the whole animal (top) or by
intestine-specific knockdown (bottom). As an example, nhr-10 RNAi effects are cell-autonomous, whereas ceh-24 RNAi affects Pacdh-1::GFP through a non-
cell-autonomous mechanism. Matching differential interference contrast (DIC) images are shown to the left of the fluorescence images. Scale bar, 100 mm.To validate the RNAi approach, we used mutants of three
highly similar nuclear hormone receptor (NHR) paralogs, nhr-
68, nhr-101, and nhr-114, which have identical regulatory inter-
action profiles in the GRN (Table S2). We crossed each mutation
into reporter strains where GFP expression is driven by the
acdh-1 promoter (Pacdh-1::GFP) or the acdh-2 promoter
(Pacdh-2::GFP) and observed very similar effects as we did by
RNAi—namely, decreased fluorescence of Pacdh-1::GFP and
increased fluorescence of Pacdh2::GFP, in the intestine (Fig-
ure 2B). These results demonstrate that the interactions de-
tected by RNAi were not the result of off-target effects.
Assessing Cell-Autonomous Gene Regulation
Many of the 177 TFs in the GRN are expressed in the intestine,
especially those that regulate two ormore promoters (Figure S2).
However, several TFs are not expressed in the gut but did affect
promoter activity in this tissue (Table S3). For instance, LIN-26 is
expressed in the hypodermis, not in the intestine, and its pertur-
bation confers hypodermal phenotypes (Labouesse et al., 1994).
The observation that intestinal expression of five target pro-
moters is decreased following lin-26 knockdown suggests
that LIN-26 regulates one or more genes in the hypodermis
that, directly or indirectly, propagate(s) a signal to the intestine
to which intestinal genes respond.
To distinguish cell-autonomous from cell non-autonomous
effects, we examined the consequences of knocking down TFs
only in the intestine. We used an rde-1 mutant strain that is
RNAi-defective but in which rde-1 has been rescued only in
the intestine (Espelt et al., 2005). As a result, these animals are
refractory to RNAi in all tissues except the intestine. We crossedone of themost extensively regulated promoters, Pacdh-1::GFP,
into this strain and performed RNAi on 44 of the TFs that regulate
this promoter in wild-type animals. Knockdown of 28 of these
TFs resulted in a reduction in intestinal GFP levels as in wild-
type animals, indicating that they function cell-autonomously
to regulate Pacdh-1::GFP (Figure 3A). In this experiment, the
other 16 TFs, including LIN-26, did not affect this promoter
(Figure 3A). Although we cannot discount differences in RNAi
efficiency in wild-type and rde-1-rescued animals, this suggests
that these TFs may function non-cell-autonomously to regulate
intestinal acdh-1 expression.
Knockdown of some of these TFs may confer phenotypes
that, in turn, induce changes in acdh-1 promoter activity. For
instance, whole-animal knockdown of ceh-24 caused animals
to become paralyzed and dramatically decreased acdh-1 pro-
moter activity. However, intestine-specific ceh-24 knockdown
affected neither movement nor acdh-1 promoter activity (Fig-
ure 3B). Whole-animal knockdown of ceh-24 likely affects the
ability of the animal to eat and induces a starvation state, which
is known to result in decreased acdh-1 promoter activity (Mac-
Neil et al., 2013). Indeed, knockdown of ceh-24 also affected
two other starvation-response reporters, Pacdh-2::GFP and
Psod-3::GFP (Table S2).
Modest Overlap between Regulatory and Physical
Interactions
To determine which of the regulatory interactions are likely
direct, we compared the GRN to physical interactions between
TFs and gene promoters detected by ChIP by the modENCODE
project (Gerstein et al., 2014), by previously reported Y1H assaysCell Systems 1, 152–162, August 26, 2015 ª2015 Elsevier Inc. 155
Figure 4. A Hierarchical TF Model of Information Flow in the C. elegans Intestine
(A) Overlap between regulatory and physical interactions. Green indicates TF-promoter interactions that are both physical and regulatory. Physical interactions
were obtained from Y1H screens performed here and reported elsewhere and from ChIP experiments from the modENCODE project. The top bars represent
overlap in all tested interactions. The bottom bars represent interactions involving only TFs that produced positive interactions in both assays. p values
(hypergeometric) are shown.
(B) Schematic depicting the principle of nested effects modeling followed by transitive reduction. Example interaction data are shownwith the resulting predicted
model. Note that the model includes only TFs and not the target genes. Targets of TF3 are nested within the targets of TF2, whose targets are, in turn, nested
within the targets of TF1, resulting in the model shown.
(legend continued on next page)
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(Arda et al., 2010), or by newly identified by enhanced Y1H
assays (Reece-Hoyes et al., 2011; Table S2). In agreement
with previous observations (Kemmeren et al., 2014; Yang et al.,
2006), we found that only a small subset of physical interactions
had an apparent regulatory consequence in the intestine. How-
ever, it is important to note that physical interactions may confer
a regulatory effect in tissues that were not examined in this study
or at developmental times not examined.
We also found that the majority of regulatory interactions
detected by RNAi do not have an apparent physical basis
(Figure 4A). Although missed interactions (false-negatives) in
Y1H assays or ChIP may potentially explain some of this (Walh-
out, 2011), it is probably not the full explanation becausemany of
the TFs involved in these regulatory interactions were detected in
physical interaction screens. Instead, these observations indi-
cate that many regulatory interactions in the GRN are indirect.
Indeed, TF cascades or hierarchies have been reported in a
number of systems (Jothi et al., 2009; Martı´nez-Antonio et al.,
2012; Yu and Gerstein, 2006). In such hierarchies, the perturba-
tion of a TF that resides high in the hierarchy would affect the
expression or activity of TFs in lower tiers.
Inferring Gene Regulatory Information Flow by Nested
Effects Modeling
To elucidate the flow of information between TFs, we used
nested effects modeling (Markowetz et al., 2007; Figures 4B
and 4C). This approach leverages high-dimensional phenotype
data for a set of mutants (here changes in fluorescent protein
levels in the 19 reporter strains caused by TF knockdown) to infer
hierarchical relationships (here among TFs) and results in a ‘‘hi-
erarchical TF model.’’ Briefly, the hierarchy is built by analyzing
the overlap in effects caused by perturbation of each TF. TFs
that have a larger set of target genes are assumed to be at the
top of the hierarchy (Figure 4B). TFs are connected by an edge
when the targets of that TF are contained or ‘‘nested’’ within
the targets of the TF higher in the hierarchy. The modeling can
only robustly place TFs that regulate two or more target genes
in the hierarchy (62 of 177; Figure 4C). TFs that were indistin-
guishable in their regulatory interaction profile were collapsed
into ‘‘super-nodes’’ (Figure 4C).
An important question is whether only using 19 target pro-
moters is sufficient to obtain reliable information about regulatory
information flow in the C. elegans intestine. We first addressed
this question by testing the overall stability of the hierarchical
TF model. We removed each individual promoter and its interac-
tions from the GRN, regenerated the hierarchical TF model by
nested effects modeling, and compared the fraction of edges
maintained relative to the complete model (Figure 4D). In all
cases, the majority of edges were retained, indicating that the
hierarchical TFmodel can tolerateminor variations in the set of in-(C) Hierarchical TFmodel generated by nested effectsmodeling using regulatory in
more than one TF.
(D) Removal of all regulatory interactions involving any individual promoter does
individual target were removed, and the hierarchical TF model was recalculated
relative to the complete model is shown.
(E) TF pairs connected by an edge in the hierarchical TF model exhibit greater
unconnected TF pairs (p < 0.003, rank-sum test). See also Figure S2.
(F) Fraction of TFs in leaves or central nodes (non-leaves) in the network displayteractions used to construct it and that using only 19 promoters
generates a robust model.
Large-scale computational methods have been used exten-
sively to infer regulatory networks based on co-expression of
a TF and its target genes. We used co-expression scores of
TF pairs across a large panel of expression profiling data
(Reece-Hoyes et al., 2013) to examine co-expression of TFs
and target genes as well as between TFs connected in the
hierarchical TF model. We did not observe significant co-
expression between TFs and the target genes in the GRN.
However, we did find that TFs connected by edges in the hier-
archical TF model are more co-expressed than TFs that are not
connected (Figure 4E; p < 0.003, rank-sum test), suggesting
that the TF hierarchical model predicted meaningful relation-
ships between TFs.
Finally, perturbation of nodes at the top of the hierarchy would
be expected to have more detrimental effects than the disrup-
tion of TFs at the bottom layers. Indeed, the master regulator
of intestinal development and gene expression, ELT-2 (McGhee
et al., 2009), activates all 19 promoters and is placed at the top
of the TF hierarchy (Figure 4C). Furthermore, TFs that do not
connect to downstream TFs (the ‘‘leaves’’) are depleted in lethal
phenotypes (p < 0.01; Figure 4F; Table S4). Together, these
observations indicate that, by using only 19 test promoters,
we robustly captured the information flow between a subset
of intestinal TFs.
A Complex Regulatory Path Inferred from the
Hierarchical TF Model
To further validate the hierarchical TF model, we focused on the
path that connects CDC-5.L to the super-node harboring NHR-
68 via SBP-1 and Y111B2A.10, an uncharacterized C2H2 zinc
finger TF (Figure 5A). The sbp-1 promoter was part of the 19
test promoters, and, indeed, we found that it is activated by
CDC-5.L (Figure 5B). Nested effects modeling does not consider
the identity of the promoters used. Therefore, this observation
validates the regulatory interaction predicted by the hierarchical
TF model. We further explored the phenotype of cdc-5.L given
that our GRN and nested effects modeling implicated this
uncharacterized gene as an important regulator of intestinal
gene expression. Of the 13 promoters regulated by CDC-5.L,
11 are also regulated by SBP-1, suggesting that these TFs
have similar effects on gene expression and, perhaps, physi-
ology (Table S2).
We performed RNAi of cdc-5.L in the intestine, which resulted
in thin and pale animals, phenocopying sbp-1 knockdown
(Figure 5C). Although cdc-5.L expression in the intestine was
not reported (Table S3), its intestine-specific knockdown affects
the acdh-1 promoter and results in dramatic phenotypic conse-
quences, indicating that it does function within the gutteractions identified by RNAi. Larger nodes represent super-nodes that include
not greatly affect the hierarchical TF model. Interactions recovered for each
by nested effects modeling. The fraction of edges maintained in these models
co-expression across a large panel of expression profiling experiments than
ing lethal phenotypes.
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Figure 5. Validation of the Hierarchical TF Model
(A) A path (orange) in the predicted hierarchical TF model (gray) was selected
for validation.
(B) CDC-5.L activates the sbp-1 promoter. Fractions indicate the dilution of
bacteria producing double-stranded cdc-5.L RNA with bacteria producing
vector alone (to circumvent lethality). DIC images are shown to the left of the
fluorescent images.
(C) Systemic knockdown of cdc-5.L has dramatic effects on growth and
development (left), whereas intestine-specific cdc-5.L knockdown results in a
less severe phenotype that phenocopies sbp-1, consistent with cdc-5.L
functioning in the intestine to regulate SBP-1 but also playing roles outside of
the intestine.
(D) Knockdown of TFs in a Pnhr-68 reporter strain that expresses nuclear
cherry fluorescent protein. Matching DIC photos are shown to the left of the
fluorescence images.
Scale bars, 100 mm.(Figure 3A). Indeed, a recent study has detected cdc-5.L mRNA
in the intestine, although at low levels (Blazie et al., 2015).
Using Pnhr-68::H1wcherry as a reporter (Murray et al., 2012),
we found that RNAi of either cdc-5.L, sbp-1, or Y111B2A.10
resulted in reduced fluorescent protein expression (Fig-
ure 5D), which, together with the above described regulation of
Psbp-1::GFP by CDC-5.L, supports the regulatory path pre-
dicted by the hierarchical TF model.
NHR-10 Functions in the Context of Feedforward Loops
Next we focused on NHR-10, which directly binds to and acti-
vates Pacdh-1 (Arda et al., 2010; MacNeil et al., 2013, this
study). Intestine-specific nhr-10 knockdown reduced acdh-1
promoter activity (Figure 6A), indicating that this TF does
function within the gut. The hierarchical TF model places158 Cell Systems 1, 152–162, August 26, 2015 ª2015 Elsevier Inc.most other TFs that regulate acdh-1 in the intestine upstream
of NHR-10. To test whether these TFs regulate acdh-1 indi-
rectly by activating nhr-10, we first generated a Pnhr-10::GFP
reporter strain. In agreement with the observation that NHR-
10 functions within the intestine, we observed that its promoter
drives GFP expression in the gut as well as in other tissues
(Figure S3).
We knocked down the 27 TFs that regulate acdh-1 in the intes-
tine and found that 13 TFs also activate the nhr-10 promoter (Fig-
ure 6A; Figure S3), suggesting that theymay function indirectly to
activate the acdh-1 promoter by regulating nhr-10 (Figure S2).
One of these TFs, B0336.3, was placed with NHR-10 in a
super-node but can now be placed upstream.
To test whether the 13 TFs that regulate both acdh-1 and
nhr-10 require NHR-10 to regulate Pacdh-1, we crossed the
Pacdh-1::GFP transgene into an nhr-10 deletion (null) mutant
(tm4695). Notably, knockdown of each of these 13 TFs reduced
GFP expression in the intestine in the absence of NHR-10 (Fig-
ure 6A), strongly suggesting that they function in the context
of FFLs together with NHR-10 to regulate acdh-1 expression
(Figure 6B). Nested effects models are not designed to identify
FFLs, and we suspect that there are many instances of FFLs
connecting TFs at the top of the hierarchy to other TFs as well
as to the target promoters. For instance, ELT-2 physically binds
and activates many intestinal gene promoters, including TFs
(McGhee et al., 2007, this study) and is therefore also a compo-
nent of numerous FFLs.
Terminal Nodes in the TF Hierarchy Often Correspond to
Physical Interactions
TFs can regulate other TFs by directly regulating their expression
but also indirectly by affecting the expression of other genes that
influence the activity or stability of the TF (Figure 7A). In this
study, we used gene promoters to identify regulators of gene
expression, which will ultimately occur through a physical inter-
action with a TF. Therefore, we predicted that hierarchical TF
network paths would terminate at physical interactions between
the TFs and promoters.
Indeed, TF-promoter regulatory interactions of terminal nodes
(defined here as the last node in a path that regulates a target
gene) are 2.5 times more likely to overlap with physical protein-
DNA interactions than non-terminal nodes (p = 0.01) (Figures
7A and 7B; Table S5). However, TF-TF edges within the hierar-
chical model do not significantly overlap with physical interac-
tions between TFs and TF promoters. Therefore, TF-TF edges
in the hierarchical model largely involve indirect, post-transcrip-
tional regulation through other regulatory moieties, such as RNA
binding proteins, kinases, or phosphatases.
Conclusions
Herewe show that combining TF perturbations with promoter re-
porter strains and nested effects modeling enables the first-pass
delineation of the structure of GRNs that control gene expression
in a tissue of interest, in living animals. Applying nested effects
modeling to the GRN unveiled a complex information flow
between intestinal TFs that likely includes non-transcriptional
regulatory mechanisms. By integrating physical TF-promoter in-
teractions, GRN building blocks such as FFLs can be incorpo-
rated into the networks.
Figure 6. NHR-10 Is Involved in Feedforward
Loops
(A) Matrix indicating the TFs that regulate the
acdh-1, acdh-2, and nhr-10 promoters. Regulation
of Pacdh-1::GFP in the absence of NHR-10 is
shown at the bottom.
(B) Examples of feedforward loops involving
NHR-10.
See also Figure S3.We could only place the TFs that regulate multiple promoters
in the model. Therefore, we anticipate that future experiments
with additional transgenes will further expand and refine both
the GRN and the TF hierarchy. Future RNAi screens with addi-
tional types of regulators such as signaling molecules or RNA
binding proteins will provide more insight into the detailed mech-
anisms of indirect regulation for the tested genes. RNAi in living
animals with specific sets of gene promoters, combined with
nested effects modeling, is a powerful method to derive tissue-
specific GRNs and TF hierarchies that connect specific regulato-
ry elements to TF functionality.EXPERIMENTAL PROCEDURES
TF RNAi Library Construction
The C. elegans genome encodes 934 TFs (Reece-Hoyes et al., 2005) as well
as 30 uDBPs (Deplancke et al., 2006), proteins that have been retrieved in
Y1H assays but that do not possess a recognizable DNA binding domain.
For simplicity, we refer to these combined as TFs.We generated a comprehen-
sive TF RNAi library containing 891 TFs (95%) and all uDBPs.
The TF RNAi library was constructed using open reading frame (ORF) clones
from theC. elegansORFeome (Reboul et al., 2003), supplemented with cloned
ORFs that were generated in-house. ORFs were cloned into the L4440-Dest-
RNAi vector by gateway LR cloning (Walhout et al., 2000). Plasmids containing
TF ORFs were purified and transformed into E. coli HT115 bacteria, grown in
Luria broth (LB) + 15 mg/ml tetracycline + 50 mg/ml ampicillin, and frozen in
5% glycerol in 96-well plates. 71 clones were obtained from the Ahringer
RNAi library (Kamath et al., 2003), and five were obtained from the ORFeome
RNAi library (Rual et al., 2004). GFP- or mCherry-containing clones (positive
controls) and empty L4440 vector (negative control) were included in each
plate for screening.
C. elegans Strains
We used 19 transgenic strains that express a fluorescent protein in the intes-
tine as a starting point for in vivo GRN mapping. These strains harbor gene
promoters that drive expression in the intestine. Some reporters are predom-
inantly intestinal, whereas others exhibit a broader expression pattern that
includes the gut (Figure S1). Pbli-3::GFP, Pnhr-10::GFP, Pgpd-3::GFP, and
Pacs-19::GFP were constructed by gateway cloning of promoterome clones
into pDEST-DD04 (Dupuy et al., 2004). Pgpd-3 is the promoter for mai-1,
gpd-2, and gpd-3, which reside together in an operon. The final constructs ex-
press GFP from the promoter of interest and contain a wild-type unc-119
ORF. These constructs were introduced into unc-119(ed2) worms by biolistic
bombardment (Praitis et al., 2001). The Pnhr-10::GFP transgene was inte-Cell Systems 1, 152–16grated into the genome by UV irradiation (Evans,
2006) and outcrossed three times with N2. nhr-
101(gk586) and nhr-114(gk849) were obtained
from the Caenorhabditis Genetics Center (CGC)
and outcrossed three timeswith N2. Following out-
crossing, both alleles were crossed to VL749 and
VL750 to generate VL1126 [nhr-101(gk586);
wwIs24[Pacdh-1::GFP + unc-119(+)], VL1127
[nhr-114(gk849); wwIs24[Pacdh-1::GFP + unc-119(+)], VL1124 [nhr-101(gk586); wwIs25[Pacdh-2::GFP + unc-119(+)], and
VL1125 [nhr-114(gk849); wwIs25[Pacdh-2::GFP + unc-119(+)]]. nhr-
68(gk708); wwIs24[Pacdh-1::GFP + unc-119(+)] has been described previ-
ously (Watson et al., 2013). RW10732, which carries the nhr-68::H1-wCherry
transgene (stIs10507[nhr-68::H1-wCherry +unc-119(+)]), was obtained from
the CGC. All other strains have been described elsewhere.
Strains for intestine-specific RNAi were generated by crossing Pacdh-
1::GFP males with VP303 rde-1(ne219);kbIs7[nhx-2p::rde-1 + rol-6(su1006)]
hermaphrodites (Espelt et al., 2005). To select for the rde-1 mutation, F1 ani-
mals were placed on lin-26 RNAi. lin-26 RNAi results in completely penetrant
larval arrest and lethality when a wild-type copy of rde-1 is present in the
hypodermis. Therefore, viable GFP-positive adult rollers selected in the F2
generation are animals that carry the rde-1 mutation and also carry the intes-
tine-specific rde-1 as marked by the rol-6 dominant mutant transgene. Pacdh-
1::GFP and the rde-1; rol-6 array were homozygosed. The resulting strain,
VL1097 [kbIs7[nhx-2p::rde-1 + rol-6(su1006)]; wwIs24[Pacdh-1::GFP + unc-
119(+)], was again verified for resistance to lin-26 RNAi.
RNAi Screening
We knocked down each individual TF in all strains in three independent ex-
periments. We visually scored increases or decreases in fluorescent protein
expression in the intestine at the L4 larvae/young adult stages. Therefore,
altogether, we tested 17,499 potential TF-promoter interactions in triplicate.
Interactions that were found two or three times were retested, and only inter-
actions that were retested were kept in the final dataset.
Bacteria harboring TF RNAi clones were inoculated into LB + 50 mg/ml
ampicillin in 96-well deep-well dishes and grown overnight at 37C. The
following day, fresh cultures were inoculated in 96-well deep-well dishes
with 50 ml of overnight culture in 1 ml of LB + ampicillin. Cultures were grown
for 6 hr (to an OD600 of approximately 0.8), and bacteria were pelleted and
resuspended in 1/10 of the original volume in M9 buffer. 10 ml of the bacterial
suspension was added to each well of a 96-well nematode growth medium
(NGM) agar plate containing 5 mM isopropyl b-D-thiogalactopyranoside
(IPTG) and 50 mg/ml ampicillin. Plates were dried and seeded with 20–30
eggs/well. When wells contained a mix of L4 and young adults, animals
were screened visually on a fluorescence-enabled dissection microscope
for increases or decreases in fluorescence in the intestine. Knockdowns
were scored as positive when most animals in the well displayed a change
in intestinal GFP or mCherry expression. Changes in expression in other tis-
sues were not recorded. Each transgenic strain was screened three times
independently. For each individual screen, bacterial cultures were grown
independently, and wells were scored in an unbiased manner; i.e., without
knowledge of the results of previous screens. All interactions detected in
at least two of three independent screens were tested a fourth time in
24-well plates using 50 animals/well. Clones that failed to pass this retest
were not considered true hits. Following the first round of screening, we2, August 26, 2015 ª2015 Elsevier Inc. 159
Figure 7. Integrating Regulatory and Phys-
ical Interactions
(A) Schematic depicting a hypothetical cellular
pathway (left), the regulatory interactions it
would confer (center), and the resulting predicted
hierarchy with terminal nodes (right). RBP, RNA
binding protein; P, phosphorylation event.
(B) Paths leading to physical interactions dis-
played by promoter. Only promoters for which we
identified interactions that were both physical and
regulatory in the intestinal hierarchical TF model
are shown. The color indicates the target gene,
and colored lines indicate regulatory paths in the
model that include TFs that physically interact
with the target promoter. All TFs connected by a
colored line act as regulators of the indicated
(by color) target genes. TFs that represent the
last node in a regulatory path to the target gene
(terminal nodes) are boxed. Not all paths leading
to the NHR-10 super-node are colored for visual
clarity (some red and orange lines have been
removed).collected RNAi clones that regulated two or more transgenes and rescreened
all 19 transgenic strains following knockdown of these factors in 24-well
dishes to generate a high-confidence dataset. All RNAi clones included in
the final dataset were sequence-verified.
Using eggs as a starting point in the screens enabled us to circumvent
embryonic lethality. Nevertheless, knockdown of several TFs resulted in larval
arrest or severe sickness. To include these TFs in our screens, we performed
serial dilution of bacteria carrying double-stranded RNA (dsRNA) delivery
vectors for elt-2, sbp-1, uaf-2, hel-1, let-607, hbl-1, nhr-23, bed-3, cdc-5.L,
and lin-26 with bacteria containing the vector alone. By doing so, we were
able to observe changes in GFP expression in adult animals.
eY1H Assays
Enhanced Y1H (eY1H) assays were performed as described previously
(Reece-Hoyes et al., 2011). ELT-2 binding to each of the 19 gene promoters
was assayed by transforming haploid yeast bait strains with a construct en-
coding an AD-ELT-2 prey because we found that GATA factors are frequently
missed in mating-based eY1H assays.
ChIP Data
ChIP data were obtained from the modENCODE website (http://www.
modencode.org), and interactions were included as positive when the ChIP
peak region observed was within the promoter sequence used in our analysis.160 Cell Systems 1, 152–162, August 26, 2015 ª2015 Elsevier Inc.Intestinally Expressed TFs
The list of TFs expressed in the intestine was
compiled using available data (McGhee et al.,
2007; Pauli et al., 2006). From the McGhee data,
we selected genes with two or more serial anal-
ysis of gene expression (SAGE) counts. Additional
intestinal expression information was obtained by
manual curation of expression patterns available
in WormBase (http://www.wormbase.org) and
other published reports. TFs were considered
intestinally expressed when they were retrieved
in either gene expression dataset or when an
expression pattern was reported that included
the intestine. TFs were considered ‘‘not intestinal’’
when an expression pattern was reported that did
not include the intestine.
Lethal Phenotypes
Lethal phenotypes were curated based on data
reported by WormBase (http://www.wormbase.org). Genes annotated with the following phenotypes were considered to
confer a lethal phenotype: larval lethal, lethal, and embryonic lethal.
Generation of Hierarchical TF Models
Models were generated using the nested effects modeling algorithm (Marko-
wetz et al., 2007) using a false positive (FP) rate of 0.01 and a false negative
(FN) rate of 0.469. These rates were determined based on the reproducibility
of interactions across individual screens. Briefly, we considered as ‘‘gold stan-
dard’’ those RNAi interactions that were found in at least two of the three repli-
cate screens. These gold standard interactions could then be used to estimate
the FP and FN rate for each individual RNAi screen. Specifically, interactions
that were only detected in one of the replicates were considered FP, and inter-
actions that were missed in one of the replicates but found in the other
two were designated FN. The FP and FN estimates were then averaged across
the three screens to derive average per-screen FP and FN rates. To estimate
the FP and FN rates in the final dataset, i.e., after requiring the interactions to
appear in two of the three initial screens as well as the retest (see above), we
calculated the probability of observing false negatives or false positives based
on the per-screen quality estimates, assuming independence of the three
screens and retest, which resulted in final FP and FN rates of 0.0005 and
0.469, respectively. It is important to note that the true, biological false nega-
tive rate is likely to be lower than this estimate because the final retest involved
a matrix experiment in which each transgenic strain was tested versus RNAi of
each the 63 TFs that regulate at least two promoters (see above). We used
a conservative FP estimate of 0.01 for the nested effects modeling to
make the modeling process more flexible. Additionally, the ‘‘triples_threshold’’
parameter was set to 0.95 to ensure a small degree of flexibility during
modeling. We performed a transitive reduction of edges to facilitate the visual
interpretation of the resulting hierarchical network model. The model was
generated by using data from all TFs with at least two RNAi interactions
(except hel-1, which likely regulates RNA export) (MacMorris et al., 2003).
Importantly, the resulting model is highly robust because the global structure
is largely maintained at a range of different error rates (i.e., more than 85% of
the edges are included). Furthermore, at different FN rates (0.45, 0.40, 0.30,
and 0.20), we consistently observed enriched co-expression between TFs
connected by an edge in the hierarchical models as well as an enrichment of
lethal phenotypes in non-terminal TFs. Therefore, our results are not sensitive
to the selected parameter settings used in the modeling.
Terminal Node Analysis
We hypothesized that TFs lower in the hierarchy may be more likely to affect
the expression of reporters by direct physical binding, whereas TFs placed
higher in the hierarchy would more likely affect the target genes indirectly
through a cascade of interactions with TFs in lower levels. To test this hypoth-
esis, we contrasted the overlap of RNAi interactions with protein-DNA interac-
tions between terminal and non-terminal nodes of the intestine-specific TF
hierarchical model. For each of the reporters, we defined a sub-graph of the
TFmodel consisting of TFs that reported an RNAi interactionwith that reporter.
In each sub-graph, we defined as terminal nodes those that did not have any
outgoing edge (i.e., the leaves of the sub-graph) and the remaining nodes as
non-terminal (Table S5). Sub-graphs containing only a single node were not
included. Next, we calculated the total number of RNAi interactions that over-
lapped with physical interactions for terminal and non-terminal nodes across
the subgraphs and performed a hypergeometric test to evaluate whether the
overlap was significantly higher among terminal nodes.
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